The pressure dependence of the structural, magnetic and superconducting transitions and of the superconducting upper critical field were studied in sulfur-substituted Fe(Se1−xSx). Resistance measurements were performed on single crystals with three substitution levels (x=0.043, 0.096, 0.12) under hydrostatic pressures up to 1.8 GPa and in magnetic fields up to 9 T, and compared to data on pure FeSe. Our results illustrate the effects of chemical and physical pressure on Fe(Se1−xSx). On increasing sulfur content, magnetic order in the low-pressure range is strongly suppressed to a small dome-like region in the phase diagrams. However, Ts is much less suppressed by sulfur substitution and Tc of Fe(Se1−xSx) exhibits similar non-monotonic pressure dependence with a local maximum and a local minimum present in the low pressure range for all x. The local maximum in Tc coincides with the emergence of the magnetic order above Tc. At this pressure the slope of the upper critical field decreases abruptly. The minimum of Tc correlates with a broad maximum of the upper critical field slope normalized by Tc.
I. INTRODUCTION
Despite a large number of different compounds, many iron-based superconductors share similar physical properties. A characteristic feature of this material class is rich phase diagrams, containing an antiferromagnetic phase, which is suppressed upon substitution or pressure, and superconductivity, which emerges at a critical value of this tuning parameter 1, 2 . Usually, the antiferromagnetic ordering is of stripe-type and is preceded or accompanied by a structural tetragonal-to-orthorhombic distortion, associated with electronic nematic order 3 . The magnetic and structural transitions typically extrapolate to zero temperature near the maximum of the superconducting T c dome, suggesting the possibility that magnetic or nematic fluctuations surrounding a quantum critical point mediate superconductivity 4, 5 .
Among all the iron-based superconductors, the structurally most simple binary compound, FeSe, does not share this common behavior. First, the structural and magnetic transitions are well separated 6 ; at ambient pressure the structural transition occurrs at T s = 90 K with no signature of magnetic order observed at ambient pressure down to 0.24 K (Ref. 7) . Very recent specific heat indicates a possible antiferromagnetic transition at 1.08 K (Ref. 8 ). However, their results contradict previous results 9 , in which no anomaly in the specific measurement near this temperature was observed.
Second, under approximately 0.8 GPa of applied pressure, magnetic order clearly emerges 7,10-12 above T c and the magnetic transition temperature T m exhibits a dome-like pressure dependence between 0.8 GPa and 6 GPa 13, 14 . Strong coupling between orthorhombic distortion and magnetic order under pressure was demonstrated 15 . Nevertheless, the large separation of T s and T m at ambient pressure raises the question of how the nematic order and magnetism are related in this compound [16] [17] [18] [19] .
Third, the pressure dependence of superconducting transition temperature T c shows a remarkable nonmonotonic structure, with a local maximum of T c around 0.8 GPa, a local minimum around 1.2 GPa, a plateau around 4 GPa and finally a maximum of 37 K around 6 GPa, before T c decreases at even higher pressures 12, 13, 20 . Moreover, recent studies found that monolayer thin films of FeSe on STO shows superconducting behavior at temperatures higher than 100 K 21 . Hence, FeSe gives us a unique opportunity to study how nematicity, magnetism and superconductivity interact with each other.
The maximum T c of bulk FeSe under pressure is achieved in the pressure range above 5 GPa. However, FeSe has a complex and interesting phase interplay in the pressure range below 2 GPa. In this pressure range falls the intersection of the nematic phase, magnetic order and superconductivity [11] [12] [13] . Several studies have investigated the effect of sulfur substitution on FeSe [22] [23] [24] [25] [26] . Similar to applied pressure, sulfur substitution suppresses T s . In contrast to pressurized FeSe, no magnetic ordering is found in the substitution-temperature phase diagram of Fe(Se 1−x S x ) and T c is only moderately enhanced to 11 K by substitution 23 . In this work, we combine chemical pressure through sulfur substitution up to 12% and physical pressure up to 1.8 GPa and show that the pressure-induced magnetic phase is strongly suppressed upon substitution in this pressure range. In contrast, the nematic phase and superconducting phase are quite robust and their behaviors under pressure do not change qualitatively.
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II. EXPERIMENTAL DETAILS
High quality single crystals of FeSe 1−x S x (x = 0.043(5), x = 0.096(1), x = 0.12(2)) with sharp superconducting transitions at ambient pressure (see Fig 2-5 (b) below), were grown using chemical vapor transport, similar to Ref. 27 . The doping ratio x was determined by energy-dispersive x-ray spectroscopy (EDS) and the given values and errors correspond to the average and standard deviation of EDS results obtained on ∼ 10 spots from typically 3 different samples per batch, respectively. The c-axis resistance was measured on samples with doping ratio x = 0.043 and 0.096 of approximate dimensions of (0.5 × 0.5 × 0.1) mm 3 , using a two-probe technique similar to Refs. 12 and 28. Two Ag wires were attached to the samples by soldering with In-Ag alloy 12, 29 . The contact resistance is less than 50 µΩ which is much smaller than the sample resistance of approximately 10 mΩ. Four-probe wiring was used down to the sample contacts. The in-plane resistance was measured on a sample with doping ratio x = 0.12 of approximate dimensions of (1 × 0.5 × 0.1) mm 3 in a standard four-contact configuration, with contacts prepared using silver epoxy. AC resistance measurement were performed in a Quantum Design Physical Property Measurement System using 1 mA; 17 Hz excitation, on cooling and warming at a rate of 0.25 K/min. A Be-Cu/Ni-Cr-Al hybrid piston-cylinder cell similar to the one described in Ref. 30 was used to apply pressure. Pressure values at low temperature were inferred from the T c (p) of lead 31 . Good hydrostatic conditions were achieved by using a 4:6 mixture of light mineral oil:n-pentane as pressure medium, which solidifies at room temperature in the range 3−4 GPa, i.e., well above our maximum pressure 30, 32, 33 . Figure 1 shows the ambient-pressure resistance of the studied Fe(Se 1−x S x ) samples. The resistance is normalized at 300 K. The c-axis and in-plane resistance data on the parent compound FeSe are taken from Ref. 12 and 29 respectively. T c increases slightly from 8.9 K for undoped FeSe to 10.1 K for x = 0.12. The structural transition, visible as a kink in the resistance data, is suppressed from 90 K to 60 K at the highest studied substitution level. Note that in this work, the in-plane resistance is studied for the x = 0.12 sample, but c-axis resistance for the other three substitution levels. The features at T s in inplane and inter-plane resistance are rather similar. The positions of the studied compositions are indicated in the composition-temperature phase diagram in Fig. 1(c) .
III. PRESSURE-TEMPERATURE PHASE DIAGRAMS
Figures 2-5 (a) show the pressure dependence of the resistance of Fe(Se 1−x S x ) for x = 0, x = 0.043, 0.096 and 0.12, respectively. In these plots the resistance is normalized by dividing it by the ambient-pressure, room-temperature value for each sample. In general, S-substitution on T m . For x = 0.043, an increase of resistance upon cooling is observed below 15 K for pressures between 0.71 − 1.03 GPa. This anomaly is reminiscent of the resistance increase at T m of the parent compound at low pressures, shown in Fig. 2 (b). We therefore associate it with the magnetic transition temperature T m . In contrast to the parent compound, however, T m is much less prominent in the S-substituted samples. A magnetic field suppresses T c but does not measurably affect T m 12 , allowing for the study the magnetic transition in the absence of superconductivity. The application of a 9 T magnetic field, parallel to the c axis, permits us to discern T m at pressures up to 1.28 GPa for the x = 0.043 sample (Fig. 6 ). An additional anomaly at temperatures slightly above T m is observed for pressures greater than 0.95 GPa and is discussed in the appendix.
No feature corresponding to a possible magnetic transition is observed in the resistance data for x = 0.096 and x = 0.12 in zero magnetic field. However, the application of a 9 T magnetic field reveals a subtle resistance anomaly between 0.27 − 0.54 GPa for the x = 0.096 sample ( Fig. 6(b) ), which may be associated with T m . For the x = 0.12 sample, even in a 9 T magnetic field, no anomaly that could be associated with magnetic ordering is observed in the resistance measurement with pressure up to 1.81 GPa. It is possible that the anomaly at T m is less pronounced in the in-plane resistance, which 6 . Evolution of the temperature dependence of normalized resistance under various pressures with H = 9 T magnetic field applied parallel to c axis for (a) x = 0.043 and (b) x = 0.096. For the x = 0.043 sample, the magnetic phase transition indicated by blue arrows is more pronounced in field and a second anomaly is observed at slightly higher temperatures. This anomaly, at T * m , is indicated by green arrow and will be discussed in the Appendix. For x = 0.096, magnetic field reveals a subtle anomaly between 0.27 − 0.54 GPa, associated with the magnetic transition at Tm.
was measured for the x = 0.12 sample, and therefore not resolved in these data.
The values of T c , T m and T s were obtained using the criteria outlined in Ref. 12 and shown in Figs. 2 and 3 . T c is defined as the intersection between highest slope of R(T ) and zero resistance. T s is defined as the midpoint of the step in dR/dT , i.e., the midpoint of the kink in R(T ), and T m is defined as the point of the highest slope of the resistance. The resulting p − T phase diagrams of Fe(Se 1−x S x ), x = 0 − 0.12, are presented in Fig 7. The orthorhombic phase line is clearly resolved in all of the phase diagrams in the pressure range below ∼ 0.5 − 1.5 GPa. At ambient pressure, T s is suppressed by 12% S-substitution from 90 K to 60 K. Pressure suppresses T s almost linearly for all x, but as shown in Fig. 8(a) , with increased rate dT s /dP for higher x.
For the parent compound FeSe, the magnetic transition at T m is observed for pressures greater than 0.8 GPa 11, 12 . Subsequent work has shown the magnetic phase to persist up to 6 GPa, with a dome-like dependence of T m on pressure 13, 14 . For the x = 0.043 sample, a similar phase line emerges above 0.5 GPa, and we tentatively associate it with T m . But in contrast to pure FeSe, T m increases only slightly to a maximum of 13.8 K at 0.71 GPa and is suppressed to below T c already by 1.2 GPa. For higher S-content, x = 0.096, this transition seems to occur within the small pressure range 0.27−0.57 GPa and with a dome-like shape barely exceeding T c at its maximum. For x = 0.12, no corresponding transition is resolved in the in-plane resistance measurement.
For all measured substitution levels, T c of Fe(Se 1−x S x ) shows a similar non-monotonic dependence on pressure. The local maximum of T c shifts to lower pressure on increasing sulfur content, from P T c,max = 0.73 GPa for x = 0 to 0.23 GPa for x = 0.096 and close to ambient pressure for x = 0.12. Likewise, the local minimum of T c shifts from P T c,min = 1.28 GPa for x = 0 to 0.79 GPa for x = 0.12, as presented in Fig. 8(b) .
The clear suppression of T c below its local maximum in the intermediate pressure range is similar for all studied substitution levels. The onset of this suppression correlates with the emergence of the magnetic phase for x = 0 − 0.096, even though in the x = 0.096 sample, T m is indicated only by an extremely weak feature in resistivity and practically coincides with T c . For x = 0.12, T m is not visible at all. It seems likely that the competing order setting in at T m suppresses T c for x = 0−0.096. However, whether this is still the case at higher substitution levels remains an open question and possibly another mechanism for the partial suppression of T c needs to be invoked.
The minimum of T c of pure FeSe at 1.3 GPa likely coincides with a change of the Fermi-surface under pressure 12, 34 . It is plausible that a similar change of Fermi surface occurs in the doped samples and is the origin of the local minimum of T c . In contrast, the extrapolations of the T s phase lines intersect T c at non-unique positions for the different substitution levels. The extrapo- ( c ) lation does not correlate universally with either the maximum or the minimum of T c in Fe(Se 1−x S x ), x = 0 − 0.12 ( Fig.8(b) ). This behavior differs from many other ironbased superconductor phase diagrams, where T s and T c typically intersect near the maximum of T c (Ref.
2).
Fe(Se 0.904 S 0.096 ) provides an example in which the structural transition extrapolates to the minimum of T c . Several theories have discussed the influence of a nematic phase, and in particular of a nematic quantum critical point, on superconductivity 35, 36 . In all cases, the nematic fluctuations are assumed to enhance (or induce) superconducting pairing and correlate with a maximum in T c , opposite to the observed behavior. This is a sign that nematic fluctuations may not be involved in the superconducting pairing in this compound.
The magnetic phase in the low-pressure range is extremely sensitive to S-substitution, but the orthorhombic/nematic phase is not. For example, in Fe(Se 0.957 S 0.043 ) we observe only a tiny magnetic dome, contained entirely inside the nematic phase. In pure FeSe, T m increases under applied pressure until T s and T m merge. The increase of orthorhombic distortion below T m in FeSe demonstrates the cooperative coupling of the two types of order 15 , similar to many iron-arsenide materials 32 . In the well-known spin-nematic scenario for iron-arsenide materials 37 , the nematic transition is believed to be a consequence of incipient stripe-type magnetic order. The strikingly different response of nematic and magnetic order to sulfur substitution in FeSe suggests, however, that the nematic phase in Fe(Se 1−x S x ) may not be related to the magnetic order observed in the low pressure range. A number of alternative scenarios for the origin of nematic order in FeSe have been put forward, including quadrupolar order 17, 38 , frustrated quantum paramagnetism 39 and a Pomeranchuk instability 19 .
Isovalent substitution, as the replacement of selenium by sulfur, may be thought of as chemical pressure. Well-known examples in the iron-arsenide systems are BaFe 2 (As 1−x P x ) 2 and Ba(Fe 1−x Ru x ) 2 As 2 40-43 . If pressure and substitution were simply additive, the p − T phase diagrams for different substitution levels would be shifted with respect to each other. This is clearly not the case for the transition at T m in Fe(Se 1−x S x ), whose maximum temperature is strongly suppressed with increasing x. Sulfur substitution and pressure are not additive concerning T s either. Fig. 8(a) shows the T s phase lines for the four substitution levels x = 0, 0.043, 0.096 and x = 0.12. Both substitution and pressure suppress T s , but the rate of suppression of T s under pressure depends on the substitution level. This would not be the case if S-substitution was simply additive to pressure. Similarly, an overlap of the "S-shaped" pressure dependence of T c for different x can not be achieved by a simple shift. Even though P T c,max and P T c,min are suppressed at a similar rate by sulfur substitution (Fig.8(b) ), this "S" changes shape for increasing sulfur content. These comparisons demonstrate that sulfur substitution and physical pressure are not equivalent in FeSe concerning any phase transition and likely modify the electronic structure as well as any salient coupling constants in different ways.
IV. PRESSURE-DEPENDENCE OF THE UPPER CRITICAL FIELD
To better understand the superconducting properties of Fe(Se 1−x S x ), including the non-monotonic pressure dependence of T c , the superconducting upper critical field is analyzed following Refs. 12 and 44. Figs 9, 10 and 11 show the temperature dependence of the upper critical field H c2 for H||c of Fe(Se 1−x S x ) for x = 0.043, x = 0.096 and x = 0.12 at various pressures. The insets show the temperature dependence of resistance in magnetic fields H c between 0 − 9 T, from which these data are obtained, for representative pressure values. Notably, for the x = 0.12 sample, the current was applied along the ab plane, whereas the current was along the c-axis for the other compounds. In principle, the j||H||c configuration can minimize the contribution of flux flow to the superconducting transitions, but no fundamental difference with different current directions was observed between the measurements. At ambient pressure, the superconducting transition remains sharp for all field values. As the pressure is increased the superconducting transition becomes broader, especially in the x = 0.096 and x = 0.12 samples.
A distinct change of the slope of H c2 (T ), which is abtained by fitting the 0-9 T date, is observed between 0.57 GPa and 0.71 GPa (between 0.27 GPa and 0.35 GPa) for x = 0.043 (x = 0.096). For x = 0.12, a slope change occurs between ambient pressure and 0.4 GPa ( Figures  9-11 (d) ). These pressure ranges are close to the local maximum of T c and, for x = 0.043 and x = 0.096, the Generally speaking, the slope of the upper critical field normalized by T c , is related to the Fermi velocity and superconducting gap of the system 45 . In the clean limit for a single-band case,
where v F is the Fermi velocity. Note that the mass enhancement expected at a quantum critical point should result in an increase of -
The superconducting gap structure and, in a multiband-case, the coupling constants for the different bands are also involved 45 . A change of the normalized slope of H c2 may result from changes of the Fermi surface, of the superconducting gap structure or of the pairing mechanism 44, 45 . In addition, a change of scattering rates can also change H c2 (Ref. 
V. CONCLUSION
In conclusion, the resistance of sulfur-substituted FeSe 1−x S x (x = 0.043, 0.096, 0.12) has been studied under pressures up to 1.8 GPa and in magnetic fields up T m R e f . [ 4 7 ] x = 0 . 0 9 6 t h i s w o r k x = 0 . 0 8 R e f . [ 4 7 ] P ( G P a )
Temperature -pressure phase diagrams of Fe(Se1−xSx) up to 8 GPa, including data from Ref. 47 . The squares, circles and triangles circles represent the superconducting Tc, structural Ts and magnetic Tm phase transitions respectively. Data from samples with similar Ts value at ambient pressure are combined. The solid lines are guides to the eye. This represents an extension of our detailed low-pressure phase diagrams presented in Fig. 7 .
. to 9 T. T c exhibits a similar, non-monotonic pressure dependence with a local maximum and a local minimum for all substitution levels. T s is suppressed by pressure, at increasing rates for higher sulfur contents. The magnetic phase in the low-pressure range is strongly suppressed by substitution, which raises the question of how closely magnetic order and orthorhombic phase are related. Abrupt changes in the normalized slope of the upper critical field -[dµ o H c2 /dT c ]/T c near the local maximum of T c may indicate a Fermi-surface reconstruction coinciding with the emergence of magnetic order for x = 0−0.096 and suggest its existence in x = 0.12 as well. Another change of Fermi surface likely occurs near the local minimum of T c at slightly higher pressures. These results highlight the differences between chemical pressure and physical pressure as tuning parameters for FeSe. Note added: During the finalization of this manuscript, related results on the pressure-temperature phase diagrams of Fe(Se 1−x S x ) (x = 0.04 − 0.17) with a focus on the higher pressure range 2-8 GPa were made available 47 . By means of resistivity measurements in a cubic anvil cell, a prominent dome of likely magnetic order was found to exist in the higher pressure range, detached from the nematic phase for x ≥ 0.04. Taken together with the results presented here, this indicates that the pressure-temperature phase diagram of lightly S-substituted Fe(Se 1−x S x ) features two magnetic phases (see Fig. 13 ), possibly resulting from a splitting of the single pressure-induced magnetic dome of pure FeSe. The mechanism by such a splitting would occur remains to be studied, as indeed, the microscopic nature of the pressure-induced phases and their relation to each other. Altogether, the recent results reveal the astounding complexity of pressure-and substitution-tuned FeSe.
VI. APPENDIX
An additional anomaly is observed in the resistance measurement for FeSe 0.957 S 0.043 under pressure. As shown in Fig. 14 , in pressure range 0.95 -1.45 GPa, two anomalies emerge above the superconducting transition. We associated the lower-temperature anomaly with the magnetic transition T m due to its similarities with the parent compound FeSe 13 . The other anomaly, labeled T * m , occurs slightly above T m and is indicated in Figs. 6 and 14. For 0.71 GPa, only T m is observed. From 0.95 -1.03 GPa, both of these anomalies can be seen in zero field resistance measurements. Furthermore, with application of magnetic fields up to 9 T, these two anomalies barely shift. At higher pressures 1.2 -1.45 GPa, those anomalies are no longer discernible in the zero field resistance measurements. However, by suppressing the superconducting transition with magnetic field, they are revealed in resistance for 1.2 GPa and 1.28 GPa. At our highest pressure of 1.45 GPa, only T * m could be observed. The temperature -pressure phase diagram of FeSe 0.957 S 0.043 complemented by including T * m is presented in Fig. 15 . T m exhibits a dome-like pressure dependence, whereas T * m emerges on the high-pressure side of this dome. Whether this new anomaly T * m is related to a possible incommensurate magnetic transition or a different phase transition needs further studies. 
